NIEMANN-PICK C DISEASE (NPC) is a neurodegenerative disorder of childhood associated with a disruption of intracellular cholesterol trafficking (25) . Although a neurological presentation is most frequently diagnosed, some cases may be missed because of death from cholestatic liver disease before development of neurological disease (15) . In fact, one study concluded that NPC is the second most common genetic cause of liver disease in infancy in the United Kingdom (17) . A recent survey found that NPC explained 27% of idiopathic neonatal cholestasis and 8% of all infants evaluated for cholestasis (32) . However, unlike neonatal hepatic steatosis (4 -6, 10) , this liver disease has not been the subject of intensive investigation. We have taken advantage of a mouse model of NPC1 disease, due to a natural mutation in the Npc1 gene, to further elucidate the pathological and biochemical abnormalities of the liver in this disorder. We have found that a high-fat diet hastens the death of about two-thirds of the Npc1 Ϫ/Ϫ mice, with some influence of sex, and induces a number of features of cholestatic hepatitis. Marked changes in bile acid transporters were noted. Because cholesterol is taken up in liver by the low density lipoprotein receptor (Ldlr), we have also taken advantage of the Ldlr knockout to look for genetic interactions between this major component of cholesterol metabolism and liver disease in Npc1 Ϫ/Ϫ mice.
MATERIALS AND METHODS

Animals. Npc1
NIH mutant mice from the BALB/cJ background were maintained by brother-sister mating of heterozygous animals. Animals were maintained at the University of Arizona Animal Care Facility according to the criteria outlined in the Guide for the Care and Use of Laboratory Animals (National Institutes of Health Assurance No. A-3248 -01); they were given mouse chow containing 6% fat (or 10% for breeding mothers) and water ad libitum. At weaning (ϳ21 days of age), tail tips were removed from mice, and DNA was prepared. PCRs to identify genotypes at the Npc1 NIH locus were performed using the primer pairs as described (16) . The PCR conditions used 10 mmol/l Tris, pH 8.3, 50 mmol/l KCl, 2.5 mmol/l Mg 2ϩ , 200 mol/l dNTPs, 1.25 units Taq polymerase, and 1 mol of each primer. DNA (20 -40 ng) was added at 25°C, and cycles of 30 s at 95°C, 30 s at 61°C, 1 min at 72°C for 35 s, and 10 min at 72°C were used. The products were separated on 1.2% NuSieve agarose gels.
Special diet. The high-fat diet was no. 112280 from Dyets (Bethlehem, PA). It contains 18% butter fat and 2% corn oil with 1% additional cholesterol. Over 50 Npc1 Ϫ/Ϫ mice of various Ldlr genotypes were placed on this diet at weaning (21 days). Npc1 ϩ/ϩ and Npc1 ϩ/Ϫ sibling mice (83% of the weaned mice, since Npc1 Ϫ/Ϫ are found at a significantly lower fraction than 25%) were used as controls.
LDL receptor knockout mice. Ldlr Ϫ/Ϫ mice on the C57BL6/J background were the knockouts developed by Ishibashi and colleagues (14) and were obtained from Jackson Laboratory (Bar Harbor, ME). They were interbred with the Npc1 NIH heterozygotes (homozygous recessives are sterile) on the BALB/cJ background to produce double heterozygotes (Ldlr ϩ/Ϫ , Npc1 ϩ/Ϫ ; F1, C57BL/6J, BALB/cJ). These mice were interbred to produce the nine possible genotypes of Npc1 and Ldlr (Npc1
ϩ/Ϫ ; and Npc1 Ϫ/Ϫ , Ld1r Ϫ/Ϫ ), which were on an F 2, C57BL6/J, BALB/cJ background. The last three genotypes were experimental, whereas the third and fifth genotypes were the major controls. Ldrl typing was performed after the method of Gaw and colleagues (11) ; however, we could not use both PCR primers successfully in the same reaction. Thus the typing for neo (for the presence of the knockout allele) was performed as described, whereas the Ldlr typing used the describe primers and ionic conditions but slightly varying cycle conditions: 3 min at 96°C, then 30 s at 96°C, 30 s at 62°C, 1.5 min at 72°C ϫ 30, followed by 10 min at 72°C and product characterization as described above.
Histology. Thick section (3 mm) were fixed in 10% buffered formalin and processed for routine tissue processing, including paraffin embedding. Tissue sections (4 m) were subsequently examined by hematoxylin and eosin stain. Selected sections were examined with Periodic acid-Schiff (PAS; to delineate glycogenated hepatocytes) and trichrome (to document extent of fibrosis) stains. Additional immunoperoxidase stains were undertaken to delineate hepatocytes [cytokeratin-(8 -18)] and to delineate Kupffer cells (CD68). For immunohistochemical staining, 4-m sections were placed on a charged slide that already contained necessary positive controls. Slides were dried in a 70°oven for 30 min. Bar-coded sections were processed as follows: 10 min in xylene to deparaffinize and then through two washes of 100% ethanol, two washes of 95% ethanol, one wash of 80% ethanol, and then in tap water. The slides were then transferred to plastic racks and processed in the Ventana Medical Systems apparatus for automated immunohistochemistry. Reagents were loaded in carousels at recommended dilutions. Diaminobenzidine was the chromogen used. Slides were counterstained with hematoxylin and covered with a cover slip.
Cholesterol determination. Cholesterol concentrations were determined using the cholesterol oxidase method of Heider and Boyett (13) . Briefly, liver homogenates were extracted with hexane-isopropanol (3:2) for 1 h, followed by centrifugation to pellet the protein.
The organic solution was removed, dried, and spotted on a TLC plate (Redi-Plate, Silica Gel G; Fisher Scientific). To separate neutral lipids, hexane-ethyl ether-glacial acetic acid (1,000:30:1.1) was used as the mobile phase. After being stained with iodine vapor, unesterified cholesterol and esterified cholesterol were scraped from the plate, extracted with hexane, and dried in a glass tube. To each tube, 0.4 ml assay reagent [0.1 ml cholesterol oxidase (8 U/ml), 0.1 ml peroxidase (3,000 U/ml), 1.0 ml p-hydroxyphenylacetic acid (0.15 mg/ml), and 8.8 ml of 0.05 mol/l sodium phosphate buffer, pH 7.0] was added and incubated for 20 min at room temperature. The reaction was terminated by adding 0.8 ml of 0.5 mol/l NaOH. A Perkin-Elmer model LS-40 fluorescence spectrometer (excitation at 325 nm and emission at 415 nm) was used for measuring fluorescence. Unknown cholesterol concentrations were determined from known cholesterol standards using linear regression and normalized to the amount of protein determined using the BCA Protein Assay Kit (Pierce, Rockford, IL).
Liver enzymes. Serum alanine aminotransferase (ALT) and ␥-glutamyltransferase (GGT) were performed by standard techniques in the University Animal Care Diagnostic Laboratory of the Arizona Health Sciences Center.
Branched DNA signal amplification assay. Total RNA was isolated using RNAzol B reagent (Tel-Test, Friendswood, TX) as per the manufacturer's protocol. Each RNA pellet was resuspended in 0.2 ml of 10 mM Tris ⅐ HCl buffer, pH 8.0. The concentration of total RNA in each sample was quantified spectrophotometrically at 260 nm. RNA integrity and quality were analyzed by gel electrophoresis with ethidium bromide staining. The quality of RNA samples was judged by the integrity and relative ratio of 28S and 18S rRNA bands.
Reagents required for RNA analysis (i.e., lysis buffer, amplifier/ label probe buffer, and substrate solution) were supplied in the QuantiGene Discover kit (Genospectra, Fremont, CA). Specific oligonucleotide probe sets were diluted in lysis buffer. Total RNA (1 g/l; 10 l) was added to each well of a 96-well plate containing capture hybridization buffer [0.05 M HEPES sodium salt, 0.05 M HEPES free acid, 0.037 M lithium lauryl sulfate, 0.5% (vol/vol) Micr-O-protect, 8 mM EDTA, and 0.3% (wt/vol) nucleic acid blocking agent] and 50 l diluted probe set (50, 100, and 200 fmol/l capture, blocker, and label probes, respectively). Total RNA was allowed to hybridize to each probe set containing all probes for a given transcript (blocker probes, capture probes, and label probes) overnight at 53°C. Subsequent hybridization and posthybridization wash steps were carried out according to the manufacturer's direction, and luminescence was measured with the Quantiplex 320 branched DNA Luminometer (Bayer Diagnostics) interfaced with Quantiplex Data Management Software version 5.02 (Bayer Diagnostics) for analysis of luminescence from 96-well plates. The probes used for Oatp2, Oatp4, and Bsep are provided in Table 1 . Probes for multidrug resistance protein (Mrp) 3 are described by Cherrington et al. (7); those for Mrp 1, 2, 4, and 5, Ntcp, and Oatp1 are from Aleksunes et al. (1) .
RESULTS
General.
As previously noted, heterozygosity or homozygosity for the Ldlr knockout has little effect on the neurological course of the disease when mice are on a regular diet (6% fat; see Refs. 9 and 46). We placed Npc1 Ϫ/Ϫ mice of varying Ldlr genotypes on a high-fat diet (18% total fat, 1% cholesterol) to study the effects of high serum cholesterol on the disorder. The high-fat, 1% cholesterol diet caused a dramatic disease in Npc1 Ϫ/Ϫ mice independent of Ldlr knockout genotype [ 2 ⁄3 die (or are moribund and killed to obtain tissues) before 43 days]. The survivors live about as long as Npc1 Ϫ/Ϫ mice on a normal diet (mostly ϳ80 days but a few as early as 57 days: on a regular diet Npc1 Ϫ/Ϫ live 74.2 Ϯ 7.4 days). The early death does not correlate with the Ldlr status of the mice but is influenced by sex, with more males dying early ( 2 early vs. late, male vs. female, P Յ 0.02).
We surmised that this severe early lethality might be because of liver disease, since the livers were greatly enlarged postmortem. Npc1 Ϫ/Ϫ mice have mildly enlarged livers on a regular diet (6% of body wt compared with 4% for normal mice). There is a sex difference for weight on the regular diet but not the high-fat diet (males are heavier) and no sex difference in liver weight as a percentage of body weight. Thus this is the variable compared. It increased dramatically to 14% in the early decedents and up to 22% in the longer-surviving Npc1 Ϫ/Ϫ mice. The high-fat, 1% cholesterol diet only increased the weight of normal mouse livers to 8% of body weight, independent of Ldlr status. Although not significant, there was a trend for Npc1 Ϫ1Ϫ , Ldlr Ϫ/Ϫ mice to have less hepatomegaly.
Confirmation of hepatitis in the Npc1 Ϫ/Ϫ mice was found from enzyme studies and histology. Serum ALTs were mildly elevated in Npc1 Ϫ/Ϫ mice on a regular diet but mostly became strongly elevated when the mice were placed on the high-fat diet (Table 2 ). This increase did not occur in the normal mice placed on the high-fat, 1% cholesterol diet. These differences were not significant because of the high scatter in the values. Serum GGT was already high in Npc1 Ϫ/Ϫ mice on a regular diet and became markedly higher on the high-fat diet ( Table 2 ). The high-fat diet elevated serum cholesterols markedly in control Npc1 ϩ/Ϫ but not in Npc1 Ϫ/Ϫ mice (Table 3) . Npc1 Ϫ/Ϫ , Ldlr Ϫ/Ϫ mice had lower cholesterols than did Npc1 ϩ/Ϫ mice. Histology. Standard hematoxylin and eosin staining shows massive accumulation of presumed lipid droplets in the livers of Npc1 Ϫ/Ϫ mice on a regular diet independent of LDLR genotype (Fig. 1A) . The fatty nature of these was confirmed with Oil red-O staining (data not shown). This was enhanced 
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on the high-fat diet (Fig. 1B) . Negative PAS staining confirmed that the vacuoles were not glycogen (Fig. 2) . When CD68 and cytokeratin 18 immunohistochemistry were used to distinguish between macrophage storage and hepatocyte storage, lipid accumulation is noted in both cell types (Fig. 3) but is more marked in hepatocytes. Trichrome staining does not show much fibrosis in the younger mice but mild diffuse fibrosis in older mice, which is not zone dependent, as would be found in nonalcoholic hepatic steatosis (Fig. 4) . Such fibrosis was only seen in Npc1 Ϫ/Ϫ and when on the high-fat diet.
Liver cholesterol. Unesterified cholesterol is stored massively in the livers of Npc1
Ϫ/Ϫ mice independent of Ldlr genotype (Table 4) . On the regular diet, esterified cholesterol is decreased compared with normals in Npc1 Ϫ/Ϫ livers, and this is relatively unchanged by Ldlr genotype. On high-fat diets, there is more variable storage of unesterified cholesterol, which is still greatly increased compared with normals on a regular diet. However, esterified cholesterol is now quite markedly elevated. This great alteration in the pattern of storage of the esterified cholesterol does not correlate with the serum level of cholesterol (Table 3) .
Changes in bile acid transporters. As seen in Fig. 5A , mRNAs for Mrps 1, 2, 3, and 5 were elevated in Npc1 Ϫ/Ϫ livers on a regular diet; they became more markedly elevated on the high-fat diet, and Mrp 4 became elevated. In contrast, mRNAs for Ntcp, Bsep, and OatP2 were initially elevated in Npc1 Ϫ/Ϫ liver. The levels of mRNA for Ntcp, Bsep, and OatP1 and -2 were suppressed by the high-fat diet in the Npc1 Ϫ/Ϫ while only OatP1 mRNA levels were suppressed in normals.
DISCUSSION
The early description of the mutant mice now known to be Npc1 Ϫ/Ϫ mice included extensive descriptions of the liver pathology and storage material (18, 20, (22) (23) (24) 27) . The time course of this accumulation was also studied and found to be at its maximum level at 6 wk of age, with the weights of liver and spleen decreasing in parallel with the decrease in body weight thereafter (19) . The accumulation of hepatic unesterified cholesterol was found to be increased when the mice were fed a 10% fat, 1% cholesterol diet (22) . Mutational analyses of the human NPC1 gene have not disclosed particular mutants associated with liver disease (3) . We have studied the interaction of this deficiency, the LDL receptor deficiency, and a high-fat, 1% cholesterol diet. 
Values are means Ϯ SD; no. of mice in parentheses. Units are mg/dl. *P Յ 0.02 vs. regular diet. †P Յ 0.001 vs. regular diet. ‡P Յ 0.002 vs. Npcl ϩ/Ϫ , Ldlr Ϫ/Ϫ . The rapid death with the high-fat, 1% cholesterol diet in two-thirds of the mice was a very different phenotype than had previously been observed. Npc1 Ϫ/Ϫ mice usually achieve nearnormal adult weight and then develop neurological symptoms, although these early lethal mice did not nearly achieve such a weight and wasted away with few neurological symptoms. The segregation into two groups was independent of Ldlr genotype (Table 1) but was influenced by sex, with males more severely affected. This is in contrast to the mdr2 knockout mice where females are more severely affected (29) but in accord with cholic acid-fed, bile salt export pump knockout mice where males are more severely affected (30) . Because our mice came from an F 2 of the Balb/cJ strain (source of Npc1) with the C57BL/6 strain (source of Ldlr receptor), it was possible that a gene was segregating to cause this difference. The ratio of 29 to 15 is not significantly different from a 3 to 1 ratio, which could be explained by a recessive gene protecting the mice.
The early lethality was associated with greatly increased liver weights, up to an average of 14% of total body weight in the early lethal mice and even more in the late survivors. Thus liver size was not the sole cause of early death. The rapid death might involve an interaction of hepatic encephalopathy with the neurodegeneration of Npc1 Ϫ/Ϫ , but the precise cause is unclear. Although not statistically significant, there was a trend for the Ldlr knockout to protect the mice from this massive increase in liver weight, which is consistent with the role of LDLR in cholesterol uptake in mouse liver, although LDLR is not involved in mice to the degree that it is in human liver (14) . This may be the reason that variation in it had relatively little effect, contrary to our expectation, on the liver disease. The high-fat diet was also associated with increases in serum ALT (although these were not statistically significant given large variation in the values) and GGT in the Npc1 ϩ/Ϫ mice. Serum cholesterol was also increased by the high-fat, 1% cholesterol diet, although this occurred more or less independent of the Npc1 genotype but, of course, was greatly affected by the Ldlr knockout.
The unesterified cholesterol content of the liver tended to be reduced with the high-fat diet (Table 4 ). In contrast, esterified cholesterol, which is normally very low in Npc1 Ϫ/Ϫ mice on a regular diet, became very greatly elevated, again relatively unaffected by Ldlr status (Table 4 ). These findings of massive cholesterol storage were confirmed by liver histology. Massive fat storage, more so in hepatocytes than macrophages, was documented (Figs. 1-3 ). In the older surviving mice, mild diffuse fibrosis, which was zone independent, was found (Fig.  4) . Collagen deposition in Npc1 Ϫ/Ϫ mouse livers on a regular diet has been shown previously (12) . Because recent data suggest that the degree of alteration in cholesterol homeostasis in NPC1 is correlated with a deficiency in the generation of 25-and 27-hydroxycholesterol from LDL cholesterol (9), these hydroxy cholesterols need further study in these mice.
A major function of hepatic transporters is to move a wide range of organic substances across cell membranes, thereby facilitating the excretion of these compounds from blood into bile. During periods of hepatic stress, such as sepsis or cholestasis, the downregulation of several sinusoidal uptake transporters, such as Ntcp, may be one compensatory mechanism to protect the liver against the accumulation of toxic substances. Conversely, the upregulation of sinusoidal excretion transporters such as Mrp 3 may also compensate by exporting these compounds from the liver back into the blood. Thus the putative role of altered regulation of hepatic transporters during stress is to decrease the concentration of potentially toxic molecules in the liver. In the present study, mRNA levels for several uptake transporters were higher in Npc1 Ϫ/Ϫ mice than in control mice but significantly reduced by the high-fat diet. Additionally, the expression of several Mrp transporters was elevated in Npc1 Ϫ/Ϫ mice and was further increased by the high-fat diet. Whether the transcriptional mechanisms that are responsible for altered regulation of transporters during cholestatic stress are the same mechanisms responsible for the changes observed in Npc1 Ϫ/Ϫ mice or with the high-fat diet remains to be determined. A recent study of plasma cholesterol and biliary lipid secretion in Npc1 Ϫ/Ϫ mice used a 2-wk supplementation of the diet with 2% cholesterol (2) . This shorter treatment did not result in the dramatic increases in liver weight and frequent early mortality that we found with the higher total fat and cholesterol diet given continuously. However, the 2-wk treatment with a high-cholesterol diet did result in increases in plasma cholesterol in the Npc1 Ϫ/Ϫ mice, a trend that we observed but which was not statistically significant in our hands. Amigo et al. (2) found large increases in cholesterol output and lower increases in bile salts and phospholipid output in bile on the 2% cholesterol diet. These authors also found that the ATP-binding cassette proteins were differentially expressed in Npc1 Ϫ/Ϫ vs. control mice after consumption of the 2% cholesterol diet for 2 wk. ABCA1 expression increased by 100% in Npc1 Ϫ/Ϫ mice but did not change in controls on the diet, whereas ABCG5 and -8 were upregulated by 50 -80% in the controls but did not increase in the Npc1 Ϫ/Ϫ mice (1). ABCG5 and -8 are important in biliary cholesterol secretion (33) and are targets, as is ABCA1, of the nuclear oxysterol receptor LXR (26) . Thus Amigo et al.'s (2) findings indicate that the LXR pathway is differentially, or not at all, activated by cholesterol in Npc1 Ϫ/Ϫ mice. Thus deficiencies in intracellular cholesterol metabolism presumably inhibit signaling via LXR for these ABC proteins, while LXR, or other signaling pathways such as the farnesoid X receptor (21, 28) , may mediate other pathological changes in gene expression.
In summary, we have found that feeding Npc1 Ϫ/Ϫ mice a high-fat, 1% cholesterol diet resulted in early lethality for a majority of the mice. This lethality was associated with massive storage of esterified and unesterified cholesterol and elevations in liver enzymes. A number of bile acid transporters were elevated in Npc1 Ϫ/Ϫ livers on a regular diet but were differentially regulated on the high-fat diet. The Npc1 Ϫ/Ϫ / Ld1r Ϫ/Ϫ mice had lower serum cholesterol than Npc1 Ϫ/Ϫ mice on both diets. It appears that the cholestatic hepatitis, which is frequently found in human NPC disease, was exacerbated by the high-fat diet in this mouse model of NPC1.
